The DNA mismatch repair protein PMS2 was recently found to encode a novel endonuclease activity. To determine the biological functions of this activity in mammals, we generated endonuclease-deficient Pms2 E702K knock-in mice. Pms2 EK/EK mice displayed increased genomic mutation rates and a strong cancer predisposition. In addition, class switch recombination, but not somatic hypermutation, was impaired in Pms2 EK/EK B cells, indicating a specific role in Ig diversity. In contrast to Pms2 −/− mice, Pms2 EK/EK male mice were fertile, indicating that this activity is dispensable in spermatogenesis. Therefore, the PMS2 endonuclease activity has distinct biological functions and is essential for genome maintenance and tumor suppression.
The DNA mismatch repair protein PMS2 was recently found to encode a novel endonuclease activity. To determine the biological functions of this activity in mammals, we generated endonuclease-deficient Pms2 E702K knock-in mice. Pms2 EK/EK mice displayed increased genomic mutation rates and a strong cancer predisposition. In addition, class switch recombination, but not somatic hypermutation, was impaired in Pms2 EK/EK B cells, indicating a specific role in Ig diversity. In contrast to Pms2 −/− mice, Pms2 EK/EK male mice were fertile, indicating that this activity is dispensable in spermatogenesis. Therefore, the PMS2 endonuclease activity has distinct biological functions and is essential for genome maintenance and tumor suppression.
DNA mismatch repair | B cell lymphoma | class switch recombination | somatic hypermutation | spermatogenesis P MS2 is an essential component of DNA mismatch repair (MMR) complexes, which play an important role in maintaining genetic stability. MMR functions primarily in the detection and repair of mismatched bases that result from erroneous replication, and also plays important roles in DNA damage response, genetic recombination, control of meiotic progression, and generation of antibody diversity (1) . During MMR, heterodimeric MutS homolog (MSH) complexes, consisting of either MSH2 and MSH6 (MutSα) or MSH2 and MSH3 (MutSβ), bind to mismatched bases. On binding, a conformational change in the MutS complexes activates downstream events and leads to the recruitment of MutL homolog (MLH) complexes consisting of either MLH1 and PMS2 (MutLα) or MLH1 and MLH3 (MutLγ). MutLα interacts with the MutS complexes via MLH1, and this interaction is essential for the coordination of downstream repair events, including excision of the mismatch carrying strand and its resynthesis (2, 3) .
Important insights into the role of MutLα in MMR came from biochemical studies of reconstituted human MMR (4, 5) , which showed that PMS2 is a latent endonuclease that introduces additional nicks into the discontinuous DNA strand of nicked heteroduplex substrates. This activity is dependent on the integrity of a highly conserved metal-binding motif found in many MutL homologs, including MLH3. MutLα appears to play an essential role in 3′-directed MMR, where the bias for incision on the distal side of the mismatch results in a 5′ entry site for MutSα-activated Exo1. For 5′-directed MMR, however, several studies in both the reconstituted human MMR system and MutLα-deficient cells have shown that MutLα is not essential, and that a purified system consisting of MutSα, Exo1, and RPA is sufficient to support 5′-directed MMR (6, 7) . Studies in yeast have further delineated roles of the PMS2 endonuclease activity in DNA repair, recombination, and the DNA damage response (5, 8, 9) . Pms2 −/− mice (10) showed an increase in base substitution and insertion/deletion mutation frequencies at both a reporter locus and microsatellite sequences, with a higher proportion of frameshift mutations compared with other MMR knockout models, such as Msh2 −/− and Mlh1 −/− mice (11, 12) . As a result, Pms2 −/− mice developed lymphomas and sarcomas (13) . Moreover, Pms2 −/− male mice are sterile, suggesting an important role for PMS2 in spermatogenesis. PMS2 also plays a role in class switch recombination (CSR) of Ig genes, because Pms2 −/− mice (14, 15) and patients with deleterious homozygous mutations in PMS2 (16) have a significant reduction in isotype switching. Despite numerous reports (16) (17) (18) (19) , however, the role of PMS2 in somatic hypermutation (SHM), if any, has not been resolved.
To determine the significance of the PMS2 endonuclease for these processes, we generated a mouse line with an E702K missense mutation in the metal-binding motif of PMS2. This mutation corresponds to the E705K mutation in human PMS2 that completely inactivates the endonuclease activity, and also has been found in a patient with Turcot syndrome (4) . The analysis of Pms2 E702K mice (termed Pms2 EK ) showed that the loss of this activity leads to a dramatic increase in genomic mutation frequencies and tumor incidence, and a significant decrease in CSR of the Ig locus. Strikingly, Pms2
EK/EK male mice were fertile, as opposed to the sterile Pms2 −/− male mice, indicating that the endonuclease function of PMS2 is dispensable in spermatogenesis and that an unknown function of the protein is required for this biological process.
Results and Discussion
Generation of Pms2 EK/EK Mutant Mice. To generate Pms2
EK mutant mice, a gene-targeting vector was designed that introduces the murine equivalent of the human E705K mutation (E702K) into exon 12 of the mouse gene (Fig. 1Aand Fig. S1 ). This mutation disrupts the DQHA(X) 2 E(X) 4 E metal-binding motif, which is essential for the endonuclease function of PMS2 (4). RT-PCR and qPCR confirmed that the mutant allele was expressed at WT RNA levels in both mouse embryonic fibroblasts (MEFs) and primary B cells of Pms2 EK/EK mice ( Fig. 1 B and C) . The presence of PMS2 E702K protein in Pms2 EK/EK mice was confirmed in splenic tissue by Western blot analysis (Fig. 1D) , and WT MEF cells for their ability to promote repair of heteroduplexes containing a G-T mismatch and a singlestranded nick located either 5′ or 3′ to the mismatched base. No MMR activity was detected in Pms2 EK/EK or Pms2 −/− extracts, whereas robust repair was seen in WT cells ( Fig. 2A ). These results demonstrate that the endonuclease function of PMS2 is essential for MMR in cell extracts. In contrast to previous biochemical studies showing that MutLα is not essential for 5′-directed MMR in a system using purified protein (6, 7), our results indicate that the endonuclease activity is essential in both 5′-and 3′-directed MMR in whole cell extracts.
It has been reported that low levels of human WT PMS2, but not high levels of the E705K mutant protein, can restore MMR in Pms2 −/− mouse cells (9) . To further confirm that the repair deficiency in Pms2 EK/EK extracts was caused by loss of endonuclease activity and not by the reduced level of mutant PMS2 E702K protein, we added decreasing amounts of WT human MutLα protein to Pms2 −/− cell extracts. Significant MMR activity was still detected when WT human MutLα levels were reduced to levels comparable to the MutLα levels observed in Pms2 EK/EK cells (Table S1 ). The human and mouse PMS2 proteins share a high homology in their amino acid sequence, and the observation that the WT human protein can efficiently reconstitute MMR in Pms2 −/− mouse cells further demonstrates that PMS2 functions are conserved. Thus, our results strongly suggest that the repair-deficient phenotype of Pms2 EK/EK mice is specifically caused by mutation of the endonuclease domain.
Genomic Instability in Pms2 EK/EK Mutant Mice. The loss of PMS2 leads to increased microsatellite instability (MSI) in the genome of Pms2 −/− mice (13) . To study whether this increase in MSI was specifically caused by the loss of the endonuclease function, we analyzed MSI at two dinucleotide markers in mouse genomic DNA. At both markers, Pms2 EK/EK mice displayed elevated levels of unstable alleles compared with WT mice: 12% versus 0.8% for marker D7Mit91 and 19% versus 5% for marker D17Mit123 (Fig. 2B ). These MSI levels were similar to those observed in Pms2 −/− mice (14% and 17%, respectively) and slightly lower than those reported in Mlh1 −/− mice (15% and 28%, respectively) (21).
Pms2
+/EK mice showed no increase in MSI. To investigate the effect of the loss of PMS2 endonuclease function on mutagenesis in more detail, we determined the mutation rate at the cII reporter locus in 10-wk-old Pms2 EK/EK , Pms2 +/EK , Pms2
, and WT littermates. DNA was isolated from spleen, liver, and small intestine. In all three organs, mutation frequencies were significantly increased in Pms2 EK/EK mice compared with WT and Pms2 +/EK mice (Fig. 2C ). The mutation frequencies tended to be slightly higher in Pms2 −/− mice than in Pms2 EK/EK mice, but the differences were not significant. As reported previously for Pms2 −/− mice (22), there was a greater increase in the number of insertions and deletions in Pms2 EK/EK mice compared with WT mice (Fig. 2D ). Pms2 EK/EK and Pms2 −/− mice showed a significant increase in mutations at A:T in spleen and small intestine (P < 0.001) (Fig. 2E) . A similar increase in A:T mutations was described previously in T cells of Pms2 −/− mice (23) . Mutations at A:T could have been generated by the error-prone DNA polymerase η (24). Interestingly, an interaction between MutLα and Pol η has been reported recently (25) , and it has been suggested that this interaction could facilitate error-free DNA replication by repairing the mismatches introduced by Pol η. The increase in mutations at A:T seen in Pms2 EK/EK and Pms2 −/− mice is consistent with this notion.
Reduced Survival and Cancer Phenotype in Pms2
EK/EK Mutant Mice.
Similar to Pms2 −/− mice (n = 28), Pms2 EK/EK mice (n = 39) had significantly lower survival compared with age-matched Pms2 +/EK mice (n = 27) and WT mice (n = 28) (P < 0.001) (Fig. 2F) . This difference in survival was due primarily to increased predisposition to lymphomas (90%; 26/29 mice), mostly B cell lymphomas (83%; 20/24 mice) (Table S2) , although other tumors also occurred, including sarcoma (5/29 mice), hepatic adenoma (2/29 mice), hemangioma (1/29 mice), intestinal adenocarcinoma (1/29 mice), and uterine adenocarcinoma (1/29 mice). Compared with Mlh1 −/− mice, which have a median survival time of 7 mo (13, 26) , the reduced survival of Pms2 EK/EK and Pms2 −/− mice is more moderate (12 and 13 mo, respectively). This suggests the existence of a partial MMR defect in these mice in vivo, possibly due to either functional redundancy with other MutL complexes, such as MLH1-MLH3, or an abundance of preexisting DNA nicks that occur during normal DNA metabolic processes, such as replication.
The B cell lymphoma phenotype in Pms2 EK/EK and Pms2 −/− mice differs from that in Msh2 −/− (T cell lymphoma) (27) and Mlh1 −/− (B and T cell lymphoma) (26) mice, and indicates that PMS2 endonuclease activity has an important tumor-suppressor function in the B cell lineage. The similarities in the survival and tumor spectra of Pms2 EK/EK and Pms2 −/− mice suggest that endonuclease activity is the major function of PMS2 required for prevention of genome instability and tumorigenesis. , and WT mice and stimulated them ex vivo to induce switching from IgM to IgG3, IgG1, or IgG2b. Pms2 −/− mice showed a ∼40-70% reduction in switching efficiencies compared with WT mice (P < 0.001) (Fig. 3A) . This result is consistent with previous reports on truncated forms of PMS2 (16) and on Pms2 −/− mice (14, 15) , which showed significant deficiencies in CSR to all studied isotypes. Compared with WT mice, Pms2 EK/EK mice also exhibited a ∼40-60% reduction in switching (P < 0.001), but this decrease was not significantly different from that observed in Pms2 −/− cells (P ≥ 0.12). The defect in CSR was due to Pms2 EK/EK samples accumulating fewer cells that had switched at each cell division, not to a change in the doubling time of the stimulated B cells (Fig. 3B) or a decrease in the frequency of B220 + PNA hi germinal center B cells in the spleen (Fig. 3C) . These findings suggest that PMS2 endonuclease activity, as opposed to other protein functions, does not merely delay the switching process, but rather is the major contributor to PMS2 function during CSR.
Pms2
−/− and Pms2 EK/EK Mice Show Differences in MicrohomologyMediated Mechanisms at Sμ-Sγ3 Junctions. It has been suggested that in the absence of the MLH1-PMS2 complex, an alternative end-joining pathway based on long microhomologies at the junction might provide stability to the synaptic structure during CSR (14, 28) . Indeed, our Pms2 −/− mice had Sμ-Sγ3 junctional DNA segments with extended microhomology (≥5 nts) and a longer average length compared with WT mice (5.07 ± 1.4 vs. 2.6 ± 0.44; P = 0.04) ( Table 1) . Abnormal formation of switch junctions also has been identified in truncated forms of human PMS2 (16) . In contrast, although we detected a tendency toward a preferential use of blunt junctions in Pms2 EK/EK mice compared with WT mice (Table 1) , we found no significant differences in the relative frequencies of the different types of junctions (i.e., blunt junctions, microhomologies, or insertions) or in the average length of microhomology (2.54 ± 0.53 vs. 2.6 ± 0.44; P = 0.47) between the Pms2 EK/EK and the WT mice (Table 1 ). These findings indicate that the presence of the PMS2 protein, but not its endonuclease activity, affects the microhomology-mediated end-joining mechanisms of CSR, suggesting multiple roles for PMS2 during CSR.
Somatic Hypermutation Is Not Impaired in Pms2
−/− or Pms2 EK/EK Mice.
Although the present study and previous work have shown that PMS2 plays a role in postreplicative MMR and in the repair of double-stranded DNA breaks in Ig switching regions, deficiency of the protein has a modest or no effect during SHM of the Ig locus (16) (17) (18) (19) . Considering the possibility that other factors (e.g., MLH3 or apurinic/apyrimidinic endonuclease) might efficiently compensate for the absence of PMS2 and fulfill the endonucleolytic requirements of V-region hypermutation, we investigated SHM in our mutant mice. Pms2 EK/EK , Pms2 −/− and WT mice were immunized with NP 30 -CGG, and splenic B cells were analyzed for the pattern of somatic mutations in the rearranged V H 186.2 gene. Based on unique mutations and correcting for base composition of the V H 186.2 sequence, we found no significant differences in the overall mutation frequency among WT, Pms2
−/−
, and Pms2 EK/EK mice (P ≥ 0.41) ( Table 2 ). The frequencies of the different types of substitutions (P ≥ 0.11) and of transversions or transitions were similar (P ≥ 0.35) in the Pms2 −/− and Pms2 EK/EK mice and not significantly different from those in their WT littermates. This indicates that neither the presence of the protein nor the endonuclease activity of PMS2 is essential for the accumulation of mutations during SHM. Consistent with this, we found no difference among genotypes in the frequency of dinucleotide substitutions (P ≥ 0.84) or a decreased ratio of mutations in A as opposed to T (P ≥ 0.45). In fact, Pms2 −/− and Pms2 EK/EK mice retained the strand bias signature previously attributed to the error-prone polymerase Pol η (29, 30) , in which mutations at A sites and WA motifs exceed mutations at T sites and TW motifs. Furthermore, the overall mutation frequencies of the hotspots for AID (WRC/GYW) and Pol η (WA/TW), which are major hallmarks of the SHM process, were similar in WT, null, and mutant mice (P ≥ 0.17). The lack of effect of the mutant PMS2 E702K protein on the frequency and characteristics of A:T mutations in the variable region gene, even in the presence of increased A:T mutations in the cII reporter gene, confirms that PMS2 does not play a significant role in SHM.
PMS2 Endonuclease Is Not Required for Spermatogenesis. Pms2
−/− male mice are sterile (10), indicating that PMS2 plays an important role in meiotic processes. Strikingly, in the present study, Pms2 EK/EK male and female mice were fertile, indicating normal meiotic progression. Pms2 EK/EK testes contained normal seminiferous epithelium with mature spermatozoa in the lumen, indicating completion of spermatogenesis (Fig. 4A) . In contrast, the seminiferous tubules of Pms2 −/− mice were severely depleted in spermatogenic cells, and mature sperm cells were abnormal, with misshaped heads and truncated or coiled flagella (Fig. 4B , Bottom Right). Testis size in Pms2 −/− mice was about 70% of that in WT littermates, whereas testis size in Pms2 EK/EK mice was similar to that in WT littermates (Fig. 4B , Left and Top Right). Progression through meiotic prophase I appeared to be normal in all three genotypes, however (Fig. 4C) . These results indicate that the endonuclease function of PMS2 does not play an essential role in meiosis, and that the presence of the protein, whether in a scaffolding function or another unknown function, is essential for spermatogenesis. PMS2 functions in the response to DNA damage in mitotic cells (31) , and it is possible that the protein also contributes to checkpoint-signaling pathways during premeiotic Sphase and spermatogenesis.
Conclusion

Our analysis of Pms2
EK mutant mice reveals essential roles of the PMS2 endonuclease activity in mutation avoidance and tumor suppression in mammalian tissues. It also demonstrates that the PMS2 EK mutation acts as a separation-of-function mutation and exerts distinct effects on different biological processes, including B cell antibody diversification and spermatogenesis. Although both CSR and SHM are initiated by the same AID-dependent dU: G mismatch, PMS2 endonucleolytic or scaffolding functions are not essential for SHM, but significantly contribute to CSR. In fact, although PMS2 endonuclease activity is essential for MutLα-dependent processing of CSR intermediates, the PMS2 protein clearly provides additional functions in the process. Although it is possible that the differences between the WT and Pms2 EK/EK mutant mice are due in part to the decreased abundance of PMS2, the presence of longer microhomologies at CSR junctions in Pms2 −/− mice, but not in Pms2 EK/EK mice, suggests that there is sufficient PMS2 protein in Pms2 EK/EK mice to provide scaffolding and to preclude the need for long microhomologies during CSR. The importance of PMS2 as a scaffolding protein, even at reduced cellular levels, is further highlighted by the finding that Pms2 EK/EK male mice have no obvious defects in spermatogenesis. The identity of the meiotic partners of PMS2 other than MLH1 is currently unknown, and their identification will provide important insight into the mechanisms that control meiotic progression and/ or sperm differentiation.
Materials and Methods
Generation and Analysis of Pms2 E702K Mice. Pms2 E702K mice were created by a knock-in gene-targeting strategy (Fig. S1 ). All protocols involving animals were approved by the Albert Einstein College of Medicine's Animal Care and Use Committee in accordance with the U.S. Public Health Service's Animal Welfare Policy. RT-PCR using primers located in exon 12 (5′-CGATGTTTG-CAGAGATGGAG-3′) and exon 14 (5′-TAGCCCTTTCAGTGACTGGAG-3′) of Pms2 was done on total RNA isolated from MEF cell lines. Relative quantification of Pms2 transcripts was performed on cDNA from resting splenic B cells and MEFs by real-time PCR using primers 5′-AACCGAAGGCGTGAG-TACAG-3′ and 5′-CACAGCGGTGCTTAAACTGA-3′. For Western blot analysis, equal amounts of total cellular protein from MEF and tissue extracts were separated on 3-8% NuPAGE gels (Invitrogen). Proteins were detected with anti-PMS2 (clone A16-4; BD PharMingen), anti-MLH1 (Bethyl Laboratories), or anti-MLH3 (a gift from Paula E. Cohen, Cornell University, Ithaca, NY). Bands were quantified using GeneTools software (Syngene).
Mismatch Repair Assay. MEFs were cultured in DMEM high-glucose medium supplemented with 10% FBS (HyClone). Whole cell extracts were prepared as described previously (32), as were 5′ G-T heteroduplex and 3′ G-T heteroduplex DNAs (33, 34) . MMR reactions using whole cell extracts were carried out following the method of Kadyrov et al. (32) . Recombinant human MutLα used to complement the whole cell extracts of Pms2 −/− and Pms2 EK/EK MEFs was isolated as described previously (35) .
Microsatellite Instability Analysis. Tail DNA from six WT, six Pms2 +/EK , six Pms2 EK/EK , and six Pms2 −/− mice was pooled and diluted to approximately one molecule per reaction. The microsatellite loci were amplified and analyzed as described previously (36) .
cII Mutation Rate Analysis. Mutations in genomic DNA from the spleen, liver, and small intestine of Pms2 EK/EK mice crossed to Big Blue transgenic mice (37) were detected using the λ Select-cII Mutation Detection System for Big Blue Rodents (Stratagene). Mutation frequency was defined as the ratio of mutant plaques to the total number of plaques screened. The mutation spectrum for base substitutions was analyzed using the SHMTool Web server (38) .
Analysis of Tumors and Survival. Mice were observed until they became morbid or moribund. Tumors were removed and fixed in 10% buffered formalin. After being embedded in paraffin, sections were stained with H&E, anti-B220 (BD PharMingen), or anti-CD3 (Lab Vision). Statistical analysis of tumor incidence was done using SPSS version 16.0 (SPSS). The Kaplan-Meier method was used to compare curves for survival, with significance evaluated by two-sided log rank statistics.
Ex Vivo CSR and Switch Junction Analysis. Splenic B cells were stimulated with 50 μg/mL of LPS (Sigma-Aldrich), to induce switching to IgG3; LPS plus 50 ng/mL of rIL-4 (R&D Systems), to induce switching to IgG1; or LPS plus 30 μg/mL of dextran sulfate (DS) (Sigma-Aldrich) to induce switching to IgG2b. After 4 d in culture, surface IgM and IgG were stained and analyzed by FACS. PCR amplification from genomic DNA, sequencing, and analysis of unique junctional Sμ-Sγ3 regions were performed as described previously (39) .
Somatic Hypermutation Analysis. Eight-week-old mice were immunized i.p. with (4-hydroxy-3-nitrophenyl)acetyl (NP) 30 -CGG (BioSearch Technologies) in alum (Pierce) and boosted 4 wk later. TRIzol extraction (Invitrogen) of RNA was prepared 7 d after the boost from splenic B cells. Then high-fidelity RT-PCR and nested PCR were performed to amplify V H 186.2 joined to the IgG 1 constant region, as described previously (39) . Analysis of unique mutations was done with SHMTool (38) . The experimental error rate was estimated 2.2 × 10 −4
mutations/base by analysis of the Cγ1 segment. A significant bias of mutations from A exceeding mutations from T in the WT data was used for quality assessment of contaminating PCR hybrids, as suggested recently (30) .
Analysis of Meiotic Prophase I. Chromosome spreads were prepared as described previously (40) with modifications. After cells were dispersed on slides for 1 h, the slides were washed three times for 3 min each in 0.4% Kodak Photo-Flo 200/water and air-dried. Then the slides were washed in 0.4% Kodak Photo-Flo 200/PBS and 0.1% Triton X-100/PBS for 3 min each, blocked for 3 min in blocking solution (3% BSA, 0.05% Triton X-100, 10% goat serum in PBS), and incubated in an antibody against synaptonemal complex protein 3 (SYCP3, a gift from Paula E. Cohen, Cornell University, Ithaca, NY) for 1 h at 37°C in a humid chamber. The slides were then washed, blocked, and incubated in a secondary antibody conjugated to fluorescein (Jackson Immunochemicals) for 30 min at 37°C. Images were captured with an Olympus BX61 upright microscope with a CoolSNAP HQ camera (Photometrics) and IPLab acquisition software (BD).
